Nosema bombycis (N. bombycis, Nb) is an obligate intracellular parasite, which can cause pebrine disease in the silkworm. To investigate the effects of N. bombycis infection on the host cells, proteomes from BmN cells that had or had not been infected with N. bombycis at different infection stages were characterized with two-dimensional gel electrophoresis and MALDI-TOF/TOF mass spectrometry, which identified 24 differentially expressed host proteins with significant intensity differences (P < 0.05) at least at one time point in mock-and N. bombycis infected cells. Notably, gene ontology analyses showed that these proteins are involved in many important biological reactions. During the infection phase, proteins involved in energy metabolism and oxidative stress had up-regulated expression. Two proteins participated in ubiquitin-dependent protein catabolic process had down-regulated expression. Quantitative real-time polymerase chain reaction was used to analyze the transcriptional profiles of these identified proteins. Taken together, the abundance changes, putative functions, and participation in biological reactions for the identified proteins produce a host-responsive protein model in N. bombycisinfected BmN cells. These findings further our knowledge about the effect of energy defect parasites on the host cells.
Introduction
Microsporidian are a group of widely existing pathogens which can invade a variety of hosts ranging from protists to mammals. They have a skillful and sophisticated mechanism for infecting host cells. With appropriate conditions, mature spore rapidly discharges the infective sporoplasm into a host cell without being recognized by host defense system [1] . The infection usually causes chronic and sublethal effects on hosts [2] . These fungi-related organisms have no typical mitochondria or Golgi and their ribosomes are not of the typical eukaryotic type but resemble the ribosomes of prokaryotic organisms [3, 4] . Many studies have reported that the infection by microsporidia can cause significant economic losses in the honey bee and fishery industries. In addition, microsporidia as a kind of opportunistic pathogens can infect different patients including diabetics, organ transplant recipients, AIDS, and cancer, travelers, children, and the elderly [5] .
Nosema bombycis is the first named microsporidia species in the late 1860s, which became the etiological agent of pebrine disease in the sericulture in several European countries [6] . It could cause silkworm pebrine and significant economic losses to silk production, basically due to transmitting between individuals (horizontal transmission) and from adult to progeny via the egg (vertical transmission). The general life cycle of N. bombycis can be divided into three phases: the infective phase, the proliferative phase, and the spore forming phase. Different developmental stages have different metabolic requirements and impose different stresses upon the host [7] .
Proteomics has emerged as a powerful tool for studying the interaction between host and pathogens [8] [9] [10] [11] . An integrate infectomics study could create a global picture of host -pathogen interplay in space and time. To this end, it is important to know all the genes and proteins that participate in these interactions. Although many genome studies of the host gut cells response to microsporidia infection have been reported [12, 13] , few studies have focused on the proteome changes of the host cultured cells response to microsporidia infection. The proteome itself reflects the actual state of a cell [14] . With both Bombyx mori and N. bombycis genomic data published, we applied the comparative proteomic approach to investigate proteome changes in the B. mori cells (BmN) infected by N. bombycis. Insight into proteome in the BmN cells during N. bombycis infection and identification of the proteins that mediated by N. bombycis-induced responses were achieved. We identified some silkworm proteins that were significantly changed in transportation, antioxidation, chaperone activity, and energy metabolism. The potential roles of some of these altered proteins in response to N. bombycis infection were discussed.
Materials and Methods
Nosema bombycis spore preparation and cell cultivation Nosema bombycis was originally isolated from infected silkworm in Zhejiang, China [15] . Spores were propagated and purified as previously described [16] . Purified spores was counted using phase contrast microscope (Leica DM750, Heidelberg, Germany) with hemocytometer at Â640 magnification. Spores were stored in sterilizing saline at 48C before use. In order to rule out bacterial contamination, purified spores were added to the normal culture medium. If no bacterial contamination was found at 48 h post-inoculation, the purified spores were suitable for infection [13] . The BmN cells originally derived from B. mori ovary were reserved in our own laboratory. BmN cells were cultured in 35 Â 10 cm 2 culture dishes (Greiner Bio-one, Frickenhausen, Germany) in TC-100 insect medium (Sigma-Aldrich, St Louis, USA) supplemented with 10% (v/v) fetal bovine serum (Gibco-BRL Life Technologies, Carlsbad, USA) at 278C [17] .
Spore inoculation
Approximately 3 Â 10 7 spores were treated with 0.2 M KOH at room temperature for 40 min. Spores were concentrated at 2500 g for 1 min and resuspended in 100 ml of culture medium. Then, spores were added into 3 Â 10 6 BmN cells. After 48 (the proliferative phase) and 96 (spore forming phase) hours post-infection (hpi), the samples of control and infection were collected and stored at 2808C for total protein extraction.
Transmission electron microscope study BmN cells were collected at 48 and 96 hpi and fixed in 2.5% (v/v) glutaraldehyde prepared in phosphate buffer saline ( pH 7.4), kept at 48C for 24 h, washed several times with 0.1 M cacodylate buffer ( pH 7.2) till the odor of the fixative was completely removed. The samples were post-fixed in 1% (w/v) osmium tetraoxide for 2 h, washed, dehydrated in an ascending series of alcohol of 50%, 70%, 80%, 90%, 95%, and 100% (15 min in each change), transferred to absolute acetone for 20 min, infiltrated in propylene oxide, and embedded in Epikote resin (Agar Scientific Ltd, Essex, UK). Ultrathin sections obtained with an UltracutSLeica ultramicrotome were placed on 300 mesh nickel grids coated with formvar and carbon, then double stained with uranyl acetate and lead citrate for 15 min. Grids with sections were observed using a transmission electron microscope (TEM) of model JEM-1230 (JEOL, Tokyo, Japan).
Total protein extraction and quantification Each sample was homogenized in 200 ml of lysis buffer containing 8 M urea, 2 M thiourea, 4% (v/v) 3-[(3-Cholamidopropyl) dimethyl ammonio] propanesulfonate (CHAPS), 2% (v/v) immobilized pH gradient (IPG) buffer ( pH 3-10), and 0.1 M dithiothreitol for 10 min on ice and then kept for 10 min at room temperature, sonicated in an ice bath for 2 min, and centrifuged twice at 8000 g for 20 min at 188C [18] . The protein concentration in the supernatant was determined using BCA kit as described in manufacturer's instructions (SANGON, Shanghai, China).
Two-dimensional gel electrophoresis and image analysis Two-dimensional gel electrophoresis (2-DE) was performed as previously reported [18] . Briefly, the sample proteins (40 mg each) dissolved in 150 ml rehydration buffer [8 M urea, 2% (w/v) CHAPS, 30 mM DDT, and 0.5% (w/v) IPG buffer pH 3-10] were used to rehydrate gel strips (Immobiline DryStrip pH 3-10, 7 cm; GE Healthcare, Bethesda, USA). Isoelectric focusing (IEF) was conducted with a gradient procedure as 30 V for 12 h, 100 V for 30 min, 300 V for 30 min, 1000 V for 30 min, 3000 V for 1 h, 5000 V for 1.5 h, 5000 V for 3 h, and 500 V for 2 h. After IEF separation, the isoelectric-focused strips were immediately equilibrated and subsequently transferred to the two-dimensional electrophoresis for sodium dodecyl sulfate -polyacrylamide gel electrophoresis (SDS-PAGE). The gels were visualized with a modified silver-staining method compatible with mass spectra (MS) [19] . Each sample was repeated three times and 2-DE gel image analysis was performed using ImageMaster 2D Platinum software. There were a series of image processing steps including image filtration, spot detection and intensity quantification, background subtraction, spot matching, and quantitative intensity measurement. A comparison of relative abundance was set as three groups: (i) control BmN cells and 48 hpi BmN cells, (ii) control BmN cells and 96 hpi BmN cells, (iii) 48 and 96 hpi BmN cells, and all of the three groups took the former as the reference. The expression intensity ratios infected/uninfected which were higher than 1.8 or lower than 0.55 were set as the threshold of prominent changes. Samples with prominent changes were selected for further MS analysis.
In-gel digestion and MS Mass spectrum identification was conducted by Institutes of Biomedical sciences, Fudan University (Shanghai, China). Silver-stained protein spots were manually excised from the gels, and each was placed into a 1.5 ml Eppendorf tube. Digestion and peptide extraction were performed according to previous methods [20] . MS analysis of peptide was performed on a 5800 MALDI-TOF/TOF Proteomics Analyzer (AB SCIEX, Framingham, USA), and then operated in delayed reflector mode with an accelerated voltage of 20 kV.
All acquired spectra of samples were processed using TOF/ TOF ExploreTM Software (AB SCIEX) in a default mode. The data were searched by GPS Explorer (V3.6) with the search engine MASCOT (2.1). Proteins with scores .52 were considered significant (P , 0.05).
Bioinformatics analysis
The UniProt database (http://www.expasy.org/sprot/) and the SilkDB database (http://www.silkdb.org) were searched to determine the functions of the identified proteins. The corresponding gene ontology (GO) IDs of these proteins were obtained by InterproScan searching (http://www.ebi.uniprot. org). GO classification of these proteins was carried out using WEGO (http://wego.genomics.org.cn) according to biological processes, function, and cellular compartmentalization.
RNA extraction and quantitative real-time polymerase chain reaction To correlate protein levels with corresponding mRNA levels, specific primers for quantitative real-time polymerase chain reaction (qRT-PCR) were designed according to the gene sequences of MS-identified protein. All primers are listed in Supplementary Table S1 . Total RNA was isolated from control and infected BmN cells at 48 and 96 hpi using Trizol Reagent (SANGON) according to the manufacturer's instructions. cDNAs were synthesized using EasyScript First-Stand cDNAs Synthesis SuperMix Kit (TransGen Biotech, Beijing, China). qRT-PCR was performed using the 480 fluorescence quantitative PCR Detection System (Roche, Basel, Switzerland). The program of PCR reaction was: an inactivation step at 958C for 5 min followed by 40 cycles of denaturation at 958C for 10 s, annealing at 608C for 10 s, and extension at 728C for 15 s. A dissociation curve was generated at the end of each PCR cycle to verify. Three independent duplicates were conducted for each of the datasets. Quantification of mRNA used the comparative threshold cycle (Ct) method [21] . BmActinA3 gene was used as the internal control. Relative gene expression (2 2DDCt ) was calculated according to each fold change in expression level relative to that of the control.
Results
Morphological observation following N. bombycis infection Developmental spores in BmN cells were recorded using a TEM. Nosema bombycis of proliferative and sporogonic phase developed direct contact with the host cell cytoplasm. Most of proliferative cells contained a large nuclear region (diplokaryotic nucleus) and a simple cytoplasm at 48 hpi (Fig. 1B) . In this period, spore was in the early development with no mature spore wall. The morphology and other aspects of proliferative cells were different from those of sporogonic cells. With the development continued, electrondense material accumulated on the plasma membrane to form a thick spore wall, and finally sporoblasts derived to be mature spores (Fig. 1C) . Most sporogonic cells appeared in 96 hpi. These results showed the successful establishment and maintenance of N. bombycis infection in vitro.
Identification of differentially expressed protein by 2-DE and MS Representative 2-DE gels containing protein spots from the control BmN cells and N. bombycis-infected BmN cells are shown in Fig. 2 . In total, 358 spots, 477 spots, and 443 spots ( Table 1) were detected in control and 48 and 96 hpi BmN cells, respectively. Protein match coverage between control and 48 hpi was 58.16%, and that between control and 96 hpi was 55.53%. The number of protein spots in the N. bombycis-infected BmN cells were distinctly increased compared with that of the control BmN cells. On the basis of average intensity ratios of protein spots between control and N. bombycis-infected BmN cells, 119 protein spots with a ratio higher than 1.8 or lower than 0.55 were identified as differentially expressed proteins. Fifty-six protein spots with significant intensity differences (.1.5 fold and P , 0.05) were excised from 2-DE gel and subjected to in-gel trypsin digestion and subsequent TOF/TOF identification. Finally, 24 proteins were successfully identified as shown in Fig. 2 and Table 2 . The theoretical pIs of the protein spots range from 4.68 to 8.38, and molecular masses range from 11.54 to 59.17 kDa. Most of the proteins could be correlated with annotated proteins in B. mori database.
Bioinformatics analysis of differentially expressed proteins
According to the annotations of the proteins identified from the UniProt knowledge base and the corresponding GO IDs of these proteins, the identified proteins, including the accession number and matched peptides as well as other related information are summarized in Table 2 . GO classification of 24 identified proteins was carried out using WEGO (Fig. 3) . These proteins were grouped into cellular component, molecular function, and biological process according to the GO annotation. Most of the differentially expressed proteins were involved in cell, cell part, macromolecular complex, binding activity, catalytic activity, biological regulation, cellular process, and metabolic process. Most of the proteins are involved in three groups of main biological features: the molecular synthesis and transport, oxidative stress, and energy metabolism (Fig. 4) .
mRNA expression of the correlated protein To correlate protein levels with corresponding mRNA levels, the transcriptional activities of main B. mori genes corresponding to the MS-identified proteins were assessed at 48 and 96 hpi (Fig. 5) . The qRT-PCR results showed that 12 genes were up-regulated (Fig. 5A) , including most genes involved in energy metabolism and catabolic process. But only three genes [DJ-1, 14-3-3, and triosephosphate isomerase (TPI)] were down-regulated (Fig. 5B) . The mRNA expression level of these genes was significantly varied at the two time points. This result showed that N. bombycis could cause a significant change of host relation gene. In general, the changes in mRNA abundance at the two time points displayed low correlation with the changes in expression of their corresponding proteins. Nevertheless, these data provide transcriptional information complementary to the differentially expressed proteins detected by the proteomic study.
Discussion
Nosema bombycis could survive and reproduce within silkworm and spread spores to the next generation of silkworm via transovarial transmission. In this study, we obtained a dynamic overview of the altered protein expression in BmN cells responding to N. bombycis infection. We identified 24 proteins involved in molecular synthesis and transport, oxidative stress, and energy metabolism. The results of our proteome analysis are discussed below and we focus on the different groups of functional proteins.
Proteins involved in molecular synthesis and transport
Ribosomal protein P0/P2, GTP-binding nuclear protein Ran were involved in the process of molecular synthesis and transport (Fig. 4A) . The eukaryotic P proteins play an essential role in the interaction with elongation factors and factordependent GTPase activity [22] . Proteins P1-P2 present on the ribosome can exchange with a cytoplasmic pool of these unphosphorylated proteins to activate ribosome [23] . In silkworm ribosomes, formation of P1-P2 heterodimers is crucial for their binding to P0 and the subsequent interaction with the GTPase-associated domain of rRNA, from which derives factor-dependent ribosome function [24] . Nosema bombycis has a typical ribosome like prokaryote, being of the 70S sedimentation type and lacking 5.8S rRNA [3] . To achieve their own composition, N. bombycis may capture the host synthesis and transport proteins. The up-regulation of these proteins suggested that molecular synthesis and transport were seriously affected by N. bombycis infection.
Proteins involved in oxidative stress
Oxidative stress can be defined as an imbalance between the oxidant and antioxidant system. Pathogens infection cause oxidative stress through the release of reactive oxygen species (ROS) [25] [26] [27] . Increased oxidative stress in the host can cause inflammatory disease, a balance between synthesis and elimination of ROS via antioxidants is necessary to protect the host cell [28] [29] [30] . Therefore, the antioxidant system may play an essential role during host infection. Meanwhile, pathogens can also remodel and subvert host pathways to facilitate their own survival at the expense of the host [31] . In our results, glutathione S-transferase (GST) and thiol peroxiredoxin were significantly up-regulated after N. bombycis-infected BmN cells (Fig. 4B) . GST is a superfamily of multifunctional enzyme, containing se-independent GSH peroxidase activity, which plays an important role in protecting against oxidative injury [32] . Vavraia culicis could also modulate Aedes aegypti larvae by changing the expression of GST protein [33] . In addition, we also found that the expression of 14-3-3 protein and DJ-1 were modulated. These two proteins could indirectly participate in oxidative stress [34, 35] . Nosema bombycis may sustain the environment of its growth through promoting the expression of antioxidant proteins. So, it could be interesting to investigate the effects of repressing GST gene in N. bombycis infection.
Proteins involved in energy metabolism
In eukaryotic cells, several metabolic pathways are involved in energy production, such as the glycolytic pathway, the tricarboxylic acid cycle, and the pentose phosphate pathway. However, as one obligate parasite, microsporidian that rely on their hosts for energetic and metabolic needs reduced genomes and cell components. Spores of the cricket parasite N. grylli were shown to have activities of glycolytic enzymes [36] , suggesting that spores may retain the capacity to utilize energy through degrading glucose. We found that various silkworm enzymes involved in carbohydrate metabolism were modulated after N. bombycis infection. Most of proteins were identified in our study, including phosphoglycerate kinase (PGK), fructose 1,6-bisphosphate aldolase (ALD), triosephosphate isomerase (TPI), inorganic pyrophosphatase (IPPA), H þ transporting ATP synthase, and two chaperonins Figure 5 . Expression profiles of the 15 genes The relative gene expression was evaluated using qRT-PCR. These genes were divided into two groups: (A) up-regulated genes; (B) down-regulated genes. related to energy metabolism ( Table 2 ). The proteins involved in energy synthesis exhibited an increase in protein abundance at 48 hpi and expression continued to increase at 96 hpi, except ALD and IPPA (Fig. 4C) . These proteins are important constituents of the glycolytic/gluconeogenic pathway and pentose phosphate cycle [37] [38] [39] . In terms of energy consumption, both of the chaperonin proteins exhibited a decrease at 48 and 96 hpi (Fig. 4C) . That meant N. bombycis needs more energy to accomplish the spores proliferation process. The complete genome of Encephalitozoon cuniculi, which was shown to lack nearly all of the introns and intergenic spacers common to eukaryotic genomes, revealed that Krebs cycles and oxidative phosphorylation proteins were absent [40] , only contained four genes of nucleotide transporter to import ATP from the cytosol of their eukaryotic host cells [41] . Three Nosema species (N. bombycis, N. antheraeae, and N. ceranae) lack genes for tricarboxylic acid cycle, fatty acid b-oxidation, and respiratory electron-transport chain [42] .
In the absence of the ability to synthesize ATP through oxidative phosphorylation, N. bombycis as one of the energy dependence pathogens needs stealing ATP from its host to sustain its lifestyle by up-regulating some proteins.
In conclusion, the results showed that N. bombycis was able to modulate the expression of several BmN proteins belonging to different functional groups, such as molecular synthesis and transport, redox, regulatory proteins and enzymes for several metabolic pathways. Our finding provided some molecular mechanism by which host response to N. bombycis infection in vitro. In the future, we will focus on studying the interactions between the Lepidoptera insect and the obligate intracellular pathogen.
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